The treatment of abscess homogenates with calcium ionophores stimulated the production of a bactericidal lipid with properties indistinguishable from those of a previously unidentified bactericidal lipid that had been detected in staphylococcal abscesses. The lipid was identified as a monoglyceride by thin layer chromatography. It resembled the unidentified lipid in that it had a high specific activity, exhibited differential activity, was inhibited by Staphylococcus aureus 6 toxin, lecithin and Ca++, and its activity was reduced by oxidation. Stimulation of monoglyceride production by calcium ionophore requires the joint presence of components from the sedimented and supernatant fractions of abscess homogenates, and was not produced if boiled homogenate was used. The addition of verapamil interfered with the production of monoglyceride in homogenates treated with calcium ionophore. Monoglyceride was produced only in abscess homogenates and not in homogenates of other normal tissues or tissues taken from mice infected with S. aureus. Calcium ionophore could be replaced by inositol triphosphate, suggesting that monoglyceride production involved the release of calcium from intracellular stores. The 2-monoglyceride was the form originally produced in abscess homogenates, but this spontaneously isomerised to the 1 -monoglyceride. The fatty-acid moiety of the monoglyceride consisted primarily of 16: 0 and 16: 1 fatty acids.
Introduction
Previous studies revealed that the growth and survival of Staphylococcus aureus within abscesses is controlled by the production of two types of bactericidal One consists of a pool of long-chain unsaturated free fatty acids and the other is a heretofore unidentified lipid with unique properties. 2i The lipid differed from the fatty acids in that it has a greater specific activity,2 exhibits differential activity2 and its activity is reduced by ~xidation.~ The bactericidal activity of both types of lipid is destroyed by an esterifying enzyme (FAME) which is produced by most strains of S. aureus and which appears to be necessary if the organism is to survive in the tissue^.^ During our attempt to identify the lipid, it was found that incubation of staphylococcal abscess homogenates with the calcium ionophore A23187 resulted in a marked increase in the amount of the lipid in the preparation and this facilitated its isolation and identification.
Materials and methods

Animals
Sprague-Dawley Swiss White ICR female mice (Harlan Laboratories, Indianapolis, IN, USA) were used throughout these studies.
S. aureus strains
S. aureus strain 182 was used to generate intraperitoneal abscesses.' For routine assay of bactericidal activity, strain 303 was used as the indicator 0rganism.l To demonstrate differential activity, samples were assayed with S. aureus strains TG and 303.2*3 These represent strains with low and high sensitivity to the unidentified bactericidal lipid, respectively.
Preparation of lipid extracts
Lipids were extracted from abscess homogenates by the method of Dole and Meinertz.' The lipids were dissolved in ethanol and stored at -20°C until needed.
Bactericidal assay
Abscess homogenates were first heated at 80°C for 30 min to eliminate the residual staphylococci present in the abscesses. Using S. aureus strains TG or 303 as the indicator organisms, bactericidal activity was measured as previously described. 2 Each assay was done in duplicate.
A bactericidal unit was defined as that amount of homogenate or lipid extract that destroyed 50 % of the indicator staphylococci in 1 h. The concentration of bactericidal activity was expressed as LDSO/ml of homogenate or LDSO/mg of lipid.
Thin layer chromatography
Extracted lipids were separated by chromatography on Silica Gel G-coated glass plates. Before use, plates were washed in ether-methanol (1 0 : 1, v : v), dried, and activated at 100°C for 30 min. After spotting, the plates were developed in a single direction in the appropriate solvent system. After drying in air, the lipids were visualised by exposure to iodine vapour or by spraying the plate with aqueous sulphuric acid 50 % containing potassium dichromate 0.6 % and then charring at 180°C for 60 min.
Recovery of lipids after TLC
Lipid spots visualised by iodine were recovered by scraping the silica gel and extracting three times with ethyl ether :methanol (10 : 1, v : v). The pooled extracts were dried under nitrogen, weighed, dissolved in ethanol or hexane, and stored at -20°C until needed.
Hydrolysis of acyl glycerols
The procedure for hydrolysis of acyl glycerols has been described! Briefly, to a 50-pg lipid sample in 50 pl of hexane was added 0.1 ml of 0.05 N tetraethylammonium hydroxide in ethanol (tetraethylammonium hydroxide 10 % diluted 1 : 14 v:v in ethanol). The contents were heated at 60°C for 30 min, and while still in the water bath, 0.1 ml of 0.1 N HCl was added. The contents were mixed and 1.8 ml of water was added. The free fatty acids were removed by extracting three times with 1.5 ml of hexane and combining the upper hexane phases ; glycerol remained in the aqueous phase.
Glycerol determination
The determination of glycerol was based on the formation of formaldehyde through the oxidation of glycerol with sodium p e r i~d a t e .~~ lo The formaldehyde was then allowed to react with chromotropic acid in a sulphuric acid solution, and the resultant violetcoloured product was determined spectrophotometrically by recording the absorbance at 570mm.. The unknown was compared with a standard curve prepared with 02-1-0 pmol of glycerol.
Esterijication of the bactericidal lipid by FAME
A 100-200-pg sample of bactericidal lipid (or monoglyceride) dissolved in hexane was dispensed into a lipid-clean vial and the hexane was evaporated under nitrogen. To the vial was added 50 p1 of ethanol and 045 ml of 0.01 M sodium phosphate buffer (pH 6.0) containing 2.0 mg of partially purified
The mixture was incubated at 37°C for 1 h in a water bath with constant agitation. After incubation, the lipids were extracted twice with 2-ml volumes of ethyl ether : methanol (6 : 1, v : v) and once with 2 ml of ethyl ether. The upper ether phases were combined and evaporated to dryness under nitrogen. The extracted lipids were dissolved in 50 pl of hexane, and the entire amount was spotted on a silica gel Gcoated plate and chromatographed in a solvent system of petroleum ether : ethyl ether : acetic acid (40 : 60 : 1, v : v : v). The appearance of a fatty acid ester spot was taken as evidence of FAME a~tivity.~ 6 Toxin S. aureus 6 toxin was prepared and assayed as described previously. l2
Chemicals
Myo-inositol, myo-inositol 1,4,5-triphosphate and guanosine-3',5'-cyclic phosphate (cyclic GMP) were obtained from Calbiochem, San Diego, CA, USA. Tetraethylammonium hydroxide was from Eastman Kodak Co., Rochester, N Y , USA. Chromotropic acid sodium salt was from Fisher Scientific Co., Pittsburgh, PA, USA. All other chemicals and lipid standards were obtained from Sigma.
Solvents
All solvents used were of reagent or HPLC grade, and those used for extraction of lipids were redistilled just before use.
Results
Generation of bactericidal activity
When abscess homogenates were incubated with 10 p~ calcium ionophore A23187, there was an increase in the amount of bactericidal activity (table I) and when these preparations were extracted by the Incubation was for 20 min at 37°C. With extended incubation of abscess homogenates with A23 187 the bactericidal activity continued to increase during the first 5 h, but then diminished with further incubation. A concentration of 10 ,UM A23187 was sufficient to generate maximum bactericidal activity (table 11) . However, the increase in bactericidal lipid over baseline levels differed among abscess homogenates in the range 2-37-fold (average 8-fold). Generally, the mean fold increase in bactericidal activity induced by A23 187 was inversely proportional to the log of the baseline level in the homogenate.
-
Lasalocid, another calcium ionophore, increased the bactericidal lipid when used at a concentration of 100 p~, but the extent of this increase was only c. 70 YO of that obtained with A23187 (table 11) . Nonactin and valinomycin, both potassium ionophores, and phorbol myristate acetate had no such effect on abscess homogenates. The addition of 1 0 m~ Ca++ had no stimulatory effect.
Pre-treatment of homogenates with 10 p~ verapamil, a calcium channel blocker, inhibited the ability of A23 187 to generate the bactericidal lipid.
Partial identijication of the u,ltknown lipid
Total lipids extracted from either untreated abscess homogenates or from homogenates incubated with 10 ~U M A23 187 for 200 min were examined by chromatography on silica gel G-coated plates with a solvent system of petroleum ether :ethyl ether : acetic acid (30: 70: 1, v:v: v). A very polar lipid was detected which was present in only small amounts in untreated homogenates, but was markedly increased in amount after incubation with A23 187. The intensity of the spot appeared to depend upon the length of incubation with the ionophore.
Identification of the newly discovered polar lipid was attempted by spraying the TLC plates with various detection reagents. These included those used to detect phosphate,13 the carbohydrate of glycolipids,l* free amino groups,15 choline,16 the sialic acid of ganglio-sides1' and the amide group of sphingolipids. 18 The unidentified lipid did not react with any of these reagents.
The presence of carbohydrates or sphingosines could not be detected by reaction with anthrone or trinitrobenzenesulphonic acid, respectively, with methods described previously.
Subsequent studies showed that the unidentified lipid migrated to the same location as monoacylglycerides on thin-layer plates. When chomatographed with various solvent systems, including petroleum ether : ethyl ether : acetic acid (30 : 70 : recovered from the plate and were assayed for bactericidal activity against the two S. aureus indicator strains, TG and 303. Whereas the monoglyceride fraction possessed a high specific activity against strain 303, the other lipids possessed little or no activity. Furthermore, the monoglyceride manifested differential activity as evidenced by its greater activity against strain 303 than against strain TG ( fig. 2) .
To determine whether the monoglyceride was sensitive to oxidation, samples of a solution in ethanol were stored in sealed ampoules under either oxygen or nitrogen. After 48 h at room temperature, both samples were assayed for residual bactericidal activity. The activity of the monoglyceride was reduced by 75% in oxygen, but was unchanged under nitrogen. This is similar to the oxygen lability of the unidentified lipid.
Since the unidentified lipid was known to be neutralised by S. aureus 6 toxin, lecithin and calcium, the monoglyceride was examined for its sensitivity to these substances. In each case, when the monoglyceride was mixed with the substance and assayed for residual bactericidal activity, a reduction in activity was noted (table 111) .
The efect of FAME on the monoglyceride
The fatty acid modifying enzyme (FAME) produced by most S. aureus strains had been found to esterify both the unidentified lipid and the bactericidal fatty acids, thereby destroying their bactericidal a~tivities.~ Incubation of a 120-pg sample of the monoglyceride with FAME and ethanol, and subsequent TLC of the extracted lipids showed that the acyl group from the monoglyceride had been esterified to ethanol.
Efect of the calcium ionophore A23187 on abscess homogena te fractions
Abscess homogenates were centrifuged at 39000 g for 30 min and divided into a cell-free supernatant fraction and a sediment fraction. The sediment fraction was washed three times in saline and resuspended in the original volume of saline. Each fraction, either separate or combined, was assayed for bactericidal activity before and after the addition of 10 PM A23 187. As previously noted, all the bactericidal activity present before treatment was found to reside in the sediment.l When A23 187 was added to each individual fraction, no additional activity was generated. However, when both fractions were recombined, A23 187 was able to increase the bactericidal activity by production of the monoglyceride.
The addition of 10 p~ A23187 to abscess homogenate previously heated to 100°C for 30 min failed to generate any increase in bactericidal activity. Furthermore, A23187 had no effect on the bactericidal activity of the total lipid fraction or the monoglyceride fraction already extracted from abscess homogenates (table IV).
Inositol triphosphate involvement in monoglyceride production
Since calcium ionophores are known to mimic the action of the second messenger inositol triphosphate,20 which functions to release calcium from internal stores, we evaluated whether this second messenger might be involved in the synthesis of the monoglyceride. Accordingly, 10 PM inositol triphosphate was incubated with samples of abscess homogenate for 50min at 37"C, and the bactericidal activity of the preparation was assayed. Inositol triphosphate increased the bactericidal activity of homogenates to an extent similar to that obtained with A23187. A time course study demonstrated that when abscess homogenate was treated with 10 PM inositol triphosphate, the bactericidal activity continued to increase for at least 22 h ( fig. 3 ). 
Monoglyceride production in other tissues
To determine whether the monoglyceride is produced in tissues other than abscesses, the spleen, kidney, liver, heart, brain, lung or skeletal muscle was removed from either normal mice or from mice given lo9 cfu of S. aureus intraperitoneally 7 days earlier.
Each tissue sample was homogenised in saline. Lipid extracts from untreated tissue homogenates or from tissue homogenates incubated for 200min at 37°C with 10 p~ calcium ionophore A23 187, were spotted on silica gel G-coated plates and developed in a solvent system of petroleum ether :ethyl ether : acetic acid (30 : 70 : 1, v : v : v). A sample of monoglyceride derived from abscess homogenate was run as a control. No monoglyceride spot could be found in the extracts from any of the tissues, suggesting that the monoglyceride production is unique to staphylococcal abscesses, as found with the unidentified lipid.
The tissue homogenates were incubated for 50 min at 37°C after the addition of 1 0 p~ inositol triphosphate. Again, no monoglyceride was found in any of the samples.
Comparison of monoglycerides
To determine which positional isomer of monoglyceride was being generated in abscess homogenate treated with calcium ionophore A23 187, the monoglyceride fraction was isolated and immediately spotted on fresh silica gel G plates. The plates were promptly developed in benzene : ethyl acetate : trimethyl borate (100 : 20 : 7.2, v: v : v) to separate the 1 -monoglycerides and 2-monoglycerides. In this solvent system, the borate is provided to prevent * Average of three determinations. migration of the acyl group during chromatography. 21 The 2-monoglyceride was the major isomer produced during ionophore treatment, although some 1monoglyceride was also present.
To evaluate the effect that acyl group position might have on bactericidal activity, a series of related oleyl glycerides was obtained from commercial sources and tested for activity against S. aureus strains TG and 303. Although both monoglycerides possessed significant bactericidal activity, the 2-mono-olein expressed the greatest degree of differential activity (table V) . In contrast, the dioleins and triolein had no demonstrable activity against either organism.
Fatty acid composition of monoglycerides
A sample of monoglyceride was recovered from homogenates treated with 10 p~ A23187 and was hydrolysed with tetraethylammonium hydroxide. The free fatty acids were extracted with hexane, methylated with diazomethane22 and quantified by gas chromatography. Palmitoleic acid accounted for c. 69 % of the fatty acid moieties in the monoglyceride and palmitic acid for c. 21 % (table VI) . Smaller amounts of C14 and C18 fatty acids were also present.
Discussion
The realisation that staphylococcal abscesses contained two distinct types of bactericidal lipid was based upon the observation that total lipid extracts of abscesses exhibited differential activity, whereas the isolated free fatty acid pool did not.213 Differential activity was defined as the ability of the lipid to kill certain S. aureus indicator strains more readily than others, yet these same strains were of equal sensitivity to the free fatty acids.3 Attempts to isolate the lipid possessing differential activity by means of silicic acid column chromatography were unsuccessful because of the instability of the unidentified lipid. The only fraction recovered that exhibited bactericidal activity was the free fatty acid fraction, and this did not possess differential activity. 2 Subsequently, other characteristics were detected that distinguished the unidentified lipid from the bactericidal fatty acids.* The lipid has a greater specific activity and it is uniformly active over pH 55-9.0. In contrast to the fatty acids, it is not affected by hydrogenation, but its activity is destroyed by oxidation. It also became evident that whereas the fatty acids collectively comprise about 40% of the total lipid in abscesses, the unidentified lipid accounts for
In view of the low levels and lability of the unidentified lipid, consideration was given to the possibility that it might be an intermediate leading to the synthesis of eicosanoids such as prostaglandins or leukotrienes. Accordingly, abscess homogenates were treated with substances that would increase eicosanoid production. One of these, calcium ionophore A23 187, did increase the amount of a bactericidal lipid which possessed all the properties of the unidentified lipid. However, when other compounds known to inhibit prostaglandin and leukotriene synthesis were also added to the homogenates, they failed to inhibit the action of A23 187. This indicated that although the ionophore stimulated the production of the lipid, it was not an eicosanoid. Subsequent studies revealed that it was a monoglyceride.
Whereas small amounts of monoglycerides were usually present in abscess homogenates before treatment, the amounts were increased substantially after incubation with ionophore. The degree of increase was inversely proportional to the logarithm of the amount of monoglyceride originally present. In other words, the greatest increases induced by the ionophore were seen in homogenates that had low monoglyceride levels before treatment.
Monoglyceride synthesis was also stimulated by the calcium ionophore Lasalocid, but not by the potassium ionophores nonactin or valinomycin, or by phorbol myristate acetate. However, the effect of A23 187 was prevented by the calcium channel blocker, verapamil.
Our data suggest that the 2-monoglyceride is synthesised in abscess homogenates, but that this quickly isomerises to form the 1-monoglyceride. The speed and extent of isomerisation of monoglycerides depends upon the particular fatty acid in the molecule and the environmental conditions such as temperature and pH.23 Although both isomers are bactericidal, the 2monoglyceride exhibits greater differential activity (table V) .
In retrospect, it appears that the reason we had not detected the bactericidal monoglyceride during our previous studies was because we had fractionated the lipids by column chromatography and the solvent systems offered no protection against isomerisation.2' During the 3-4 days required for fractionation, the small amounts of 2-monoglycerides originally present in the abscesses would have isomerised and then degraded into free fatty acid and glycerol. The small amounts of resultant fatty acid would simply have been included in the free fatty acid fraction and would no longer have possessed any distinguishing characteristics.
The 2-monoglyceride exhibited all the properties previously attributed to the unidentified lipid. It had a high specific activity and the same degree of differential activity (table V, fig. 2 ). Its bactericidal activity was neutralised by Ca++, lecithin and S. aureus 6 toxin (table 111) and was destroyed by oxidation or exposure to S. aureus FAME.
Inositol 1,4,5-triphosphate (IP3) could substitute for calcium ionophore in stimulating monoglyceride synthesis in abscess homogenates. This suggested that release of calcium from intracellular stores is required for monoglyceride production. However, this process did not result in the formation of free fatty acids. Of all the components of the IP3 cycle,20,24v25 only IP3 stimulated monoglyceride production.
Addition of A23187 to either the cell-free supernatant fraction of abscess homogenate or the washed sediment did not result in the production of monoglyceride. However, production of monoglyceride was seen when the ionophore was added to the recombined fractions. This suggests that some soluble substance@) in the supemate must act in concert with membranous components to synthesise the monoglyceride. Whether the soluble substance is an enzyme, calmodulin, or some other substance is not yet known.
Monoglyceride was produced in abscess homogenates treated with calcium ionophore or IP3, but not in similarly treated homogenates of other tissues from normal mice or infected mice. Since mature abscesses contain only neutrophils, macrophages and connective tissue cells,s all of which are found in other tissues, this suggests that some additional priming event is necessary before monoglyceride synthesis can proceed. It is possible that this primary event involves changes induced by the inflammatory response or by cytokines induced during infection.
The fatty acid moiety of the monoglyceride pool consists primarily of palmitoleic acid and palmitic acid (table VI), whereas the pool of free fatty acids produced in abscesses is composed of mainly oleic and palmitic acids, with smaller amounts of palmitoleic and linoleic acids.2 This is in keeping with the view that these two types of bactericidal lipid arise from different sources and through different mechanisms. 
